Introduction
Thromboxane (TX) plays important roles in control of renal hemodynamics and water and electrolyte metabolism, and is involved in the pathophysiology of many renal diseases. The aim of the present study is to isolate a rat kidney cDNA encoding functional TX receptor, and to reveal its intrarenal expression localization. A clone (rTXR2) was isolated from a rat kidney cDNA library by a homology screening ap- proach. rTXR2 was shown to encode the amino acid sequence containing seven transmembrane spanning domains representing rat (r) TX receptor. The membrane from COS-7 cells transiently transfected with rTXR2 cDNA was shown to be specifically bound by a thromboxane receptor antagonist, SQ29548. Either in Xenopus oocyte expression or in transfected COS-7 cells, rTX receptor was shown to be linked with Ca2" messenger system. TX receptor-mediated increase in cytosolic Ca2+ was also observed in cultured glomerular mesangial cells. In situ hybridization showed that rTX receptor mRNA was detected in renal glomeruli, smooth muscle cells in renal arterioles, and transitional cell epithelium of renal pelvis. Reverse transcription linked to PCR applied to microdissected nephron segments indicated the presence of rTX receptor mRNA exclusively in the glomerulus. In conclusion, we have cloned a functional rat kidney TX receptor, which is expressed specifically in renal glomerulus, arterial smooth muscle cells, and transitional cell epithelium of renal pelvis. The present study will provide important insights into the etiology and pathophysiology of renal diseases with relation to TX metabolism. (J. Clin. Invest 1995. 96:657-664.) Key words: in situ hybridization * reverse transcription-PCR * calcium signal transduction nephron segments * renal pelvis which evokes smooth muscle constriction and platelet aggregation (1) . In the kidney, TXA2 has been shown to decrease renal blood flow (2) and glomerular filtration rate (3) , and to potentiate tubuloglomerular feedback (4) , thus involved in the control of renal hemodynamics and water and electrolyte metabolism. TXA2 is also implicated in the etiology or pathophysiology of many renal diseases such as nephritis (5-7), allograft transplantation rejection (8) , and urinary tract obstruction (9) . Blockade of TX synthase activity or TXA2 receptor binding has been shown to prevent exacerbation of renal injury caused by these diseases (9) (10) (11) (12) (13) .
Biological action of TX is exerted via its specific receptor present on the cell surface (1) . Recently, TX receptor cDNA has been isolated from human placenta ( 14) , human endothelial cells ( 15) , or mouse lung ( 16) . The receptor structure contains seven transmembrane domains characteristic of G protein-coupled receptors, and the functional study has indicated that this receptor is linked with inositol trisphosphate (IP3)/Ca2" signal transduction. The receptor mRNA is expressed mainly in the brain, thymus, heart, liver, spleen, uterus, and in the kidney. In isolated renal glomeruli (3, 17) , cultured renal glomerular mesangial cells (18, 19) , and epithelial cells of urinary bladder (20) (14, 15, 28) .
Measurement of intracellular calcium with fura-2/AM. Cytosolicfree calcium was measured with fura-2/AM in transfected COS-7 cells cultured on coverglass by a modification of previously reported methods (29-31) with a fluorometer (CAF-100; Nihon-Bunko Co., Ltd., Tokyo, Japan) at excitation wavelength of 340 nm and emission wavelength of 500 nm.
In situ hybridization. In situ hybridization was performed by a previously reported method (24, 28) with a 850-bp BglIH-BglII fragment of radiolabeled cRNA. The hybridized sections were exposed to /3-Max film for 28 d. For microscopic analysis, the sections were dipped into NTB2 diluted 1:1 with distilled water, developed after 12 w exposure, and then counterstained with hematoxylin and eosin.
RT-PCR using microdissected nephron segments. Microdissection (32) and RT-PCR with the microdissected nephron segments were performed by previously reported methods (33, 34) . Briefly, nephron segments were from glomerulus, proximal tubule, cortical thick ascending limb of Henle's loop, and cortical collecting duct. To digest genomic DNA, mRNA samples from nephron segments were treated with RNasefree DNase I (Sigma Chemical Co., St. Louis, MO). To distinguish PCR amplification of contaminated genomic DNA, samples without reverse transcription were also prepared. To amplify the rat TX receptor cDNA fragment, the following oligonucleotides were used as primers: 5'-TGGACTGGCGTGCCACTGAT-3' (sense primer, position 275-294) and 5'-AGCAAGGGCATCCAACACACCGTG-3' (antisense primer, position 753-776). A fragment of rat cDNA for ubiquitous glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also amplified with the same samples simultaneously in different tubes with the following oligonucleotides (GAPDH primers): 5 '-TCCCTCAAGATT-GTCAGCAA-3' (from position 506 to 525 and 5'-AGATCCACA-ACGGATACATT-3' (position 795-814) (35) . Moreover, RT-PCR was also applied to examine mRNA expression of rat angiotensin II ATia receptor along nephron segments. The primers for AT,. receptor cDNA amplification were: 5 '-TCCTGTTCCACCCGATCACCG-ATCA-3' (sense primer, position -230 to -206, located in the second exon) and 5'-CTTCAGCAGAAGAGTTAAGGGCCAT-3' (antisense primer, position 1 to 25, located in the third exon) (23, 27 
Results
Receptor structure. Fig. 1 shows the predicted amino acid sequence of rTXR2. The sequence consists of 341 amino acids with calculated molecular weight of 36925.71. Hydropathy analysis (37) has shown eight hydrophobic segments in the protein structure. The first one is located at the amino terminus, and may indicate a signal peptide (38). The following hydrophobic segments may form the structure of seven transmembrane domains characteristic of G protein-coupled receptors. The amino acid sequence of rTXR2 is highly homologous to human placenta (75.7% identity) (14) or mouse TX receptor (92.7% identity) (16) (Fig. 1) , and the clone was considered to encode rat TX (rTX) receptor. In the rat TX receptor, Arg-292, which has been suggested to be important for ligand binding (14) , and Trp-296, which has been shown to allow a definite discrimination between agonist and antagonist (39), are conserved. One potential N-glycosylation site (40) , and five serine residues (Ser-61, -138, -144, -311, and -322) for possible phosphorylation in the cytoplasmic regions (41) ard analysis revealed a single class of binding site with Bmax of 1.4 pmol/mg protein and Kd value of 1.1 nM (Fig. 2 a) . The binding with [3H] SQ29548 was displaced with an unlabeled SQ29548 (TX receptor antagonist), U-46619 (TX receptor agonist), or KW-3635 (TX receptor antagonist) with 50% inhibitory concentration of 0.48, 0.95, or 1.28 x 10-i M (n = 4), respectively (Fig. 2 b) . The binding, however, was not significantly inhibited by PGE2, PGF2a, or PGD2. These binding characteristics are in good agreement with those of human and mouse TX receptors (14, 16) .
Signal transduction. Signal transduction of cloned rTX receptor was investigated by either Xenopus oocyte expression or transient expression in COS-7 cells. In the Xenopus oocyteinjected with rTX receptor mRNA, U46619 induced potent and long-lasting currents characteristic of the receptors linked with IP3/Ca2+ signal transduction (42) (Fig. 3 a, top) . Application of PGE1, PGE2, PGD2 or PGF2 (0.1 mM each) had no effect on the oocyte. Consistent with this observation, in COS-7 cells transfected with both rTX and AT,,a receptor cDNAs, U46619
(1 ,uM) induced an increase in cytosolic free calcium ( [Ca2+ ]i) (from 96±8 to 240±18 nM, n = 5), and ang II (10 nM) also induced an increase in [Ca2 ] i. (Fig. 3 a, bottom) . Application of either U46619 (1 MM) or ang II (10 nM) did not change [Ca2"]i in COS-7 cells without transfection (data not shown).
We next examined the effect of a TX receptor antagonist, KW3635. As shown in Fig. 3 b (top) (Fig. 3 b, bottom) . Thus, coupling of rTX receptor to calcium signal transduction system was confirmed.
In situ hybridization. As shown in Fig. 4 , a and c, mRNAs for rTX receptor (white dots) were detected principally in the renal cortex. Interestingly, remarkable expression of mRNA was also observed in the renal pelvis. Specific hybridization was confirmed by displacement of signals with an excess of unlabeled cRNA (Fig. 4, b and d) . Microscopic examination has shown that rTX receptor mRNA is present at glomeruli, and arterial walls (probably at smooth muscle cells) in the cortex region (Fig. 5, a and b) . In the renal pelvis, rTX receptor mRNA was observed in the transitional cell epithelium (Fig.   5 c) .
Localization of rTX receptor mRNA along nephron segments. In the experiments, mRNA samples was treated with RNase-free DNase I to digest genomic DNA which might possibly be contaminated. Moreover, specific RT-PCR amplification of mRNA was distinguished by the results obtained by treatment or no treatment with reverse transcriptase. PCR product with cortical thick ascending limb of Henle's loop, and cortical colexpected size was only detected in glomerulus sample treated lecting duct. Ubiquitous GAPDH mRNA was expectedly dewith RT (+), and this product was hybridized with a radiolatected in all RT (+) tubule samples (Fig. 6 c) . Different from beled rTX receptor cDNA (Fig. 6 a) . On the other hand, RTthe expression of rTX receptor, PCR product for ATa receptor PCR product was not detected either in samples without treatmRNA was detected in every samples with reverse transcription ment with RT (-) or in RT (+) samples of proximal tubule, (Fig. 6 b) . Samples without RT (-) (Fig. 7, a and b) . Ang II (10 nM) (a positive control) also induced an increase in [Ca2"]i, which was not affected by KW3635 treatment. Figure 6 . Distribution of rat TX receptor mRNA along nephron segments. RT (Fig. 1) . In this rTX receptor, a couple of characteristic amino acid structures are conserved. In adrenergic receptors, the seventh transmembrane domain has been suggested to regulate receptor-ligand binding (43, 44) . In this seventh transmembrane region of rTX receptor, the amino acid residues of Arg-292 and Trp-296 which are considered to be crucial for specific ligand binding (14, 39) (17, 18) . In the present study, we also confirmed the presence of functional receptor in rat mesangial cells (Fig. 7) . Similar to the result in cultured rat vascular smooth muscle cells (47) (Fig. 3) . Both in situ hybridization and RT-PCR applied to microdissected nephron segments have indicated the localized expression of rTX receptor mRNA to the glomerulus (Figs. 4-6 ). The presence of rTX receptor mRNA was also observed in smooth muscle cells of renal arterioles (Fig. 5) (27) and that of rTX receptor gene (the structure analysis is under progress) may possibly clarify a molecular mechanism of the differential expression.
In the transitional cell epithelium of renal pelvis, we detected mRNA for TX receptor significantly (Figs. 4 and 5 
